1.. Introduction {#S1}
================

Sudden cardiac arrest refers to a state in which the heart unexpectedly stops beating \[[@ref001], [@ref002], [@ref003]\]. Depending on the cause of the heart attack, when the heart has been stopped for a period of three minutes, irreversible neurological disorder occurs. After four to six minutes of heart stoppage, the risk of death is high \[[@ref004], [@ref005], [@ref006]\]. Thus, it is very important that rapid first aid and treatment can be applied in an emergency situation when the heart has stopped beating \[[@ref002], [@ref003], [@ref007], [@ref008], [@ref009]\]. If emergency treatment is delayed, the patient may be resuscitated; however, they would not recover full brain function \[[@ref009], [@ref010]\] resulting in life-long dependency on others and requiring ongoing treatment \[[@ref007], [@ref008], [@ref009]\]. Therefore, the long-term healthcare burdens and subsequent socio-economic costs increase. Recently, heart-related diseases have increased resulting in a rise in the use of defibrillators \[[@ref011], [@ref012]\]. According to statistics, the rate of hospital discharges after cardiac arrests in the United States was 10.5% in 2015; for Seoul, Korea the discharge rate was 7.6% in 2015; and for Japan, the discharge rate was 9.0% in 2016. If there were bystanders during the emergency, resuscitation rates increased in the three countries by 34.6%, 12.5%, and 14.5%, respectively \[[@ref013], [@ref014], [@ref015], [@ref016]\]. Hence, the propagation of automated external defibrillators (AED) has been expanded and is now required to be installed in public places \[[@ref017], [@ref018], [@ref019]\]. In addition, as interest in favorable health and improving quality of life increases, the installations of AEDs in the home have been gradually increasing \[[@ref020], [@ref021]\]. Most defibrillators discharge the energy stored in the capacitor to the patient through the power switch with sufficient energy for defibrillation for a very short time. The energy required by a defibrillator for proper operation is typically in range of 100 Joule to 360 Joule for an adult and 30 Joule to 150 Joule in the case of children. Since skin impedance is different between humans, high-voltage energy between 1,100 V to 1,700 V has been used in certain situations. However, for electrical safety concerns, the high-voltage capacitor is not always charged. For manual defibrillation, the amount of energy required to charge the capacitor depends on the physician; while for the case of an AED, the energy to be charged is determined from the electrocardiogram analysis algorithm. It is implemented in software and uses different algorithms developed for each company that sells AEDs.

The defibrillator has a separate charging circuit for quick energy delivery into the patient after the decision has been made regarding shockable ECG rhythm. The charging module is designed with a switched-mode power supply (SMPS) for size, weight, and efficiency of the power supply itself. However, there is a short, instantaneous period during the early stage of the charging process where the surge current flows into the high-voltage capacitor. Therefore, fluctuations in the main supply can create potential electromagnetic interference from the charging circuit. Additionally, possible induction of ground noise and small variations in the grounding circuit can occur when the voltage level in the capacitor is highly charged. In addition, an ECG signal can become distorted because of the biosignal measurement unit using the same power source as the main operating unit. These phenomena are more prevalent in AEDs that are powered by a battery than a manual defibrillator using an alternate current (AC) power from the wall. Since the AED determines the delivery of energy based on the ECG signal, the distortion in an electrocardiogram signal can cause critical false operations such as a false-positive state that delivers the shock to the patient even with a normal ECG signal. Alternately, a true-negative state could occur where the person does not receive the necessary shock even when a shockable rhythm condition is present. Methods for improving the ECG diagnostic algorithm have been proposed to solve such a phenomenon \[[@ref022], [@ref023], [@ref024], [@ref025]\]. However, this method requires significant time and financial resources for developing and validating the software algorithms, also, recruitment of relevant high-quality software engineer is difficult. Thus, small and medium-sized companies use a diagnostic algorithm for licensing, but they are not competitive due to rising product cost. Although there are other approaches including applying an additional circuit and module as well as detailed designing of print circuit boards (PCB) \[[@ref026]\], the system is larger and heavier and not user-friendly. Therefore, it is necessary to develop a system that is immune to the irregularity of the biosignal generated during the initial charging phase of the energy charging cycle while not significantly increasing the size, weight, appearance and cost of the conventional defibrillator.

In this study, we propose a simple method for removing the initial irregularity of the ECG signal through separation by galvanic isolation from the main power supply and main operation unit including the biosignal measurement unit. For this method, an isolation power converter and peripheral circuits were implemented and a coupler was used to communicate with the main operation unit.

2.. Materials and methods {#S2}
=========================

The overall concept of the proposed method is shown in Fig. [1](#thc-28-thc209033-g001){ref-type="fig"}. The main operating unit is controlled by a RB-STM32F103C6 standalone board (Green Chips, Korea). A 32-bit CortexTM-M3 ARM family microcontroller STM32F103C6 (ST Microsystems, USA) was integrated into this board which has the ability to boot from a flash drive or a PC. Additionally, a Timer PWM port, SPI interface, RS-232 communication channel, USB 2.0 full speed connection, CAN 2.0, GPIOs, 12-bit ADC, DMA (direct memory access) channels, and 12-bit ADC of 12 channels were developed and incorporated into the overall design.

Figure 1.Overall concept of the proposed method (LC and SC represent the lead check and start conversion, respectively).

The main operation unit controls the entire system operations such as processing internal and external signals, controlling peripheral devices, monitoring functional safety and safety functions related to stable operation. In addition, the main operation unit turns the power converter on and off that is used to generate the high-voltage in the range of 1,100 V to 1,700 V, which is used for an internal charging capacitor. The power converter was designed as a type of flyback switched-mode power supply topology.

A galvanic isolation circuit with different references was applied between two circuit units consisting of the main operation unit and the biosignal measurement unit. Because the maximum generated voltage in the proposed circuit is 1.7 kilo-volts, creepage distances and clearances between two units for galvanic isolation are set to 5.3 mm and 3.8 mm respectively to follow IEC/EN 60065 and 60950-1 international regulations. An isolated push-pull converter was designed for supplying power to the secondary side. This converter was simply configured using only two switching transistors and a small size isolation transformer. Battery voltage of 10.8 V dropped instantaneously to 8.5 V due to current surge back to the high-voltage charger when generation started. Therefore, the push-pull converter was considered input voltage range and configured to generate a stable $+$12 V output voltage on the secondary side. A UC3846 (Texas Instruments, USA) current mode PWM converter was used for the configuration. For monitoring the secondary side charging high-voltage, a voltage divider using three resistors and voltage-to-frequency converter were used. The maximum divider voltage is 4.5 volts at 1.7 kilo-charged voltage. A voltage ranging from 0 to 4.5 volts was converted to a digital signal having a frequency of 10 Hz to 7 kHz using a V-F converter LM331 (Texas Instruments, USA). The electrocardiogram signal was also digitized in the same way.

The encoded digital signal was transmitted to primary side using an ADuM2401 (Analog Device, USA) quad-channel digital isolator. The transmitted signal was input into the STM32, which was then encoded and stored in a micro-SD card using the DMA channel. The stored ECG data can be viewed on a PC using a custom-made viewer. A small size EE1816 type bobbin and ferrite magnetic core (TDK, Japan) were used for configuring an isolation transformer. Figure [2](#thc-28-thc209033-g002){ref-type="fig"}A shows the winding method of the primary and secondary sides of the isolation transformer. On the primary side, two copper wires of 0.3 $\Phi$ were wound together to widen the cross-sectional area and reduce the skin effect due to high-frequency driving. The secondary side uses a tri-insulated wire of 0.25 $\Phi$ for isolation. In order to increase the coupling, no separate insulation was made between the primary and secondary sides. Figure [2](#thc-28-thc209033-g002){ref-type="fig"}B shows how to verify the insulation performance of an isolation transformer designed with a puncture tester (HPT-5010, Han Young Electronics, South Korea). The test was performed 10 times at 2.5 kV output of the tester, and all of them were used as the reference when using PASS.

Figure 2.Design and evaluation of the isolation transformer. a. Winding method of the primary and secondary side, b. Actual view of verification the insulation performance.

The LM7805 and TPS79533 linear regulators (Texas Instrument, USA) were used to convert $+$12 V to $+$5 V and $+$3.3 V, respectively, for use in the signal conditioning circuit on the secondary side. A 1-channel biosignal amplifier was designed. A 1.5 Hz to 440 Hz bandpass filter to extract the ECG signal was positioned between the instrumentation and the additional amplifier.

The proposed method was tested in two operational modes, Start charge (SC) and Recharge (RC), with the patient simulator, Model 217A (Dynatech Nevada Inc., USA). The SC status is a period in which the step-up circuit operates and charges energy to a high-voltage capacitor start from 0 volt, which lasts for about 12 seconds up to 1,700 volts. The RC status is a period in which a charged voltage regulation is performed in order to recharge the high-voltage capacitor when the voltage decreases to 5% or more from the initial charged voltage, and the period is operated for about 0.2 seconds. The charging state of the energy is monitored by using a voltage divider circuit which is consisted of resistors. Therefore, for each experiment, the SC status occurs only once for the first time. The RC status occurred once every 12 seconds during the whole experiment. The output terminals of the proposed system are connected to the patient simulator. Also, the output terminals of the proposed system are connected to the patient simulator and defibrillator tester IMPULSE 7000D (Fluke, USA). The patient simulator was set to operate in normal patient mode and simulated ECG waveforms were generated once per every one second. The defibrillator tester was used for simulated patient load at 50 $\Omega$ and measure the output energy for each testing trials (Fig. [3](#thc-28-thc209033-g003){ref-type="fig"}). The ECG data was logged into an external memory card and can be extracted using a custom-made ECG viewer. The data was classified before and after implementation of the galvanic isolation and analyzed for each of SC and RC status respectively with MATLAB software (Mathworks Inc., USA).

Figure 3.Testing environment. The patient simulator generated an ECG signal and the defibrillator tester provided 50 $\Omega$ patient load.

Figure 4.A circuit with the proposed method and data plotting viewer. a. Actual view of the proto-type circuit, b. Custom-made electrocardiogram viewer.

3.. Results {#S3}
===========

An actual implemented circuit is shown in Fig. [4](#thc-28-thc209033-g004){ref-type="fig"}A. The size was approximately 6 cm $\times$ 7.5 cm, which included the push-pull converter, ECG circuit, spaces for galvanic isolation, and peripherals. The size was approximately 17% larger after implementation of the proposed method. The output of the push-pull converter was verified with load and line regulation tests. The inductance of the primary side was 0.47 mH and the leakage inductance was 0.19 $\mu$H. The inductance of the secondary side was 0.82 mH and the leakage inductance was 2.21 $\mu$H. Figure [4](#thc-28-thc209033-g004){ref-type="fig"}B shows the custom-made ECG viewer. The software provides a status of the system, time, ECG signal, and diagnostic results during use for every time such as asystole and ventricular fibrillation (V-Fib) whether the energy was delivered or not.

Figure 5.Comparison of the ECG signal before and after application of the isolation barrier. a. Before the proposed method, False-Positive case occurred, b. Electrical noise was not induced and the diagnosis algorithm was operating normally.

Figure [5](#thc-28-thc209033-g005){ref-type="fig"} shows the results of the ECG before and after implementation of galvanic isolation. Before applying the galvanic isolation, the distorted ECG signal existed for both the SC and RC conditions. The distortion was more severe for the SC situation when compared to the RC state because of the voltage drops of the main power supply and the surge current flowing into the uncharged capacitor. Therefore, the diagnosis algorithm for defibrillation makes decision regarding the delivery of the shock energy to a dummy patient even in a normal ECG situation (Fig. [5](#thc-28-thc209033-g005){ref-type="fig"}A). This false-positive result could be fatal since this type of energy delivery causes fibrillation even for a normal heart. After implementing the galvanic isolation, irregularity in the ECG waveform significantly decreased (Fig. [5](#thc-28-thc209033-g005){ref-type="fig"}B) and the false-positive conditions did not arise. In order to verify the performance of the proposed method, one SC and five RCs were configured as one charge-cycle and it repeated 50 times. In each experiment, the patient simulator was used to generate the normal ECG signal and the false-positive condition was recorded during the experiment. Before applying the proposed method, 4 out of 50 false-positive conditions occurred (error rate is 8%) and energy was delivered to phantom load. However, after application it did not occur at all (error rate is 0%).

4.. Conclusions {#S4}
===============

Defibrillators are medical devices for cardiac-related emergencies, and research on defibrillation has been conducted for a long time in various fields \[[@ref014], [@ref021], [@ref022]\]. With the development of technology, an automated external defibrillator (AED) that can be used without a physician has been developed. Its advantage is that it can be installed not only in public places but also in homes, so it is possible to cope even when there is no medical doctor when a heart attack occurs. This has led to an increase in the AED market and a growing number of medical device companies \[[@ref016]\]. The market became high-quality and increased in terms of functionality and miniaturization, requirements for specifications such as improved resuscitation rate through shortening ECG analysis time and improving accuracy, fast charging time, and power efficiency \[[@ref006], [@ref024]\]. In order to reduce the charging time, a large amount of power is instantaneously used to charge the energy. Currently, there is a problem that electrical noise is generated and is induced in the biosignal. Previous work used methods that did not utilize biosignals acquired in the SC and RC phases for analysis. However, since the time for noise in each of the SC and RC phases was less than two seconds, additional time was required for the analysis of the biosignals \[[@ref001]\]. Therefore, previous studies have developed various software algorithms. However, these methods could only be performed in large enterprises because of cost, verification and certification time, and difficulty in hiring outstanding software engineers.

In this study, we proposed a simple method to remove the irregularity of an electrocardiogram signal during a transient state of the power supply for a defibrillator. By applying galvanic isolation between the main operation unit and the ECG unit, the distortion of the biosignal during the transient state was nearly eliminated. The results of the proposed method are summarized as follows. First, it is confirmed that the design of the galvanic isolation and separated ground of the circuit can remove the noise of the biosignals measured in the AED. Therefore, cost and time for development can be reduced. Second, although this study is about 17% larger than the original AED product, it can be sufficiently overcome by sophisticating the design of the PCB, changing to one-chip ECG frontend circuit, and a compact design of the power supply for driving secondary side. Therefore, it is expected that this solution will be widely used in small businesses and small and medium-sized medical manufacturing companies.

This study had certain limitations. First, since the experiments were verified by the environment using the patient simulator, it is different from the actual use environment. Therefore, it is necessary to confirm the effectiveness of the proposed method through large animal experiments. Second, the system was validated by making a small sample on a laboratory scale. In order to confirm the stability of the operation, it is necessary to build several units on a pilot scale and verify the performance in various temperature and humidity conditions.
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